ABSTRACT. Mass-balance measurements have been renewed on two small ice caps on north-eastern Ellesmere Island. Original stake networks were established in 1972 and 1976. Since then, both ice caps have experienced significant mass losses averaging -70 to -140 kg m-2 a-I. They have also decreased in area. The equilibrium line in this area has averaged around 1150 m for the last decade or so. 'The ice caps are remnants of former climatic conditions and are out of equilibrium with contemporary climate.
INTRODUCTION
The Hazen Plateau of north-eastern Ellesmere Island, N.W.T., Canada, is a broad upland area extending 70 km from the United States Range in the west to Robeson Channel in the east (Fig. I) . The upland is dissected by deep glacial troughs, which formerly drained ice from the mountains in the north-west towards the south-east. Hill summits are extremely flat, generally exceeding 600 m in elevation and occasionally reaching >850 m a.s.!. (Fig. 2) . Most of these upland surfaces are currently unglacierized, the local glaciation level ranging from -700 m to -1000 m (Miller and others, 1975) . A notable exception to this is the area north of St. Patrick Bay (Fig. I) where two small ice caps occur; these are the north-easternmost ice bodies in the Queen Elizabeth Islands. They are referred to, unofficially, as the St. Patrick Bay ice caps. The larger of the two ice caps is the primary focus of this paper.
Meteorological studies on and around the ice caps will be discussed elsewhere (papers in preparation by R.S. Bradley and M.C. Serreze).
PREVIOUS WORK
No reference to the ice caps has been located in any historical literature in spite of the fact that they are relatively close to where both the Nares and Greely expeditions spent considerable time (in 1875-76 and 1881-84, respectively) . In particular, the Greely expedition explored much of the area around Fort Conger, but no notation of these features was made. Possibly, extensive snow cover on the higher reaches of the plateau in the late nineteenth century would have made Greely and others oblivious to their presence.
Photographic coverage of the ice caps is quite good beginning with the Polaris trimetrogon survey in 1947 (Table I) . Although of poor quality, these photographs show extremely snow-free conditions across the Hazen Plateau at the time of the survey (24 July) (Fig. 2) . Similar conditions prevailed in 1959; by 6 July, all winter accumulation had disappeared and the underlying dirt-laden ice was exposed (Fig. 3) . Low-level coverage in 1974 followed a period of snowfall so the ice caps appear snow-covered, even though the surrounding plateau was snow-free at that time (4 August). Finally, low-level coverage was repeated in 1978, revealing a dirt-laden ice surface with melt-water channels clearly visible.
The ice caps were first visited in 1972 when conditions, late in the ablation season, were radically different from those shown on the 1959 aerial photographs.
By 20-21 August there was "partial cover of winter snow all around the ice margin for at least a kilometer" (Hattersley-Smith and Serson, 1973) . A network of eight Glaciology 23000 Division ablation stakes was installed at that time; one additional stake was added in 1975 (personal communication from H. Serson). The area was not re-visited until the summers of 1982 and 1983 when a topo-climatic study of the ice caps was initiated by the University of Massachusetts. As part of this work, the original stake line was re-surveyed. A more extensive stake network was established (Fig. 4a) and two extensive snow-depth and density surveys were made. Five stakes were also installed on the smaller (south-western) ice cap in 1983. In addition, an ablation-stake network, which was established in June 1976 on Simmonds Bay ice cap, -liD km to the south-west (Bradley and England, 1977) , was re-surveyed in July 1983 (Fig. I) Table II . Repeated measurements with a precision surveying altimeter provided an internally consistent set of elevations relative to base camp (Station Yankee; Fig. 3 ). Helicopter traverses to sea-level provided estimates of base-camp elevation. We estimate the stake elevations shown in Table II are accurate to within ± 1 m relative to one another and within 10 m of absolute elevations relative to sea-level. The important point is that the entire elevational range of the larger ice cap is only about 50 m, with a summit elevation of approximately 900 m. It is thus extremely flat, and similar in elevation to the surrounding unglacierized hills. Considering its topographic setting, the ice cap is probably no more than 25 m thick at the summit. The smaller ice cap to the west does not cover a hill summit and is entirely lower than the larger ice cap. It is situated on a north-east-facing slope and ranges in elevation from -740 to -820 m a.s.!. It seems likely that this ice body formerly occupied the summit to the north-west (at -865 m) and possibly the south-west, but continued ablation has resulted in ice only being able to survive in the most topographically favored site, Mass-balance data are shown in Table III . Although Hattersley-Smith and Serson (1973) were impressed by the extensive fim on the plateau in the summer of 1972, the climatic conditions which led to that situation have not prevailed. From 1972-82, the net mass balance was Quite
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x'OC (Fig. 1 ) during 7-10 June 1976. This ice cap also occupies a small higher-elevation summit of the Hazen Plateau, but is considerably higher in elevation than the St. Patrick Bay ice caps and has greater relief, ranging from < I 050 m to > 1150 m (Bradley and England, 1977 difference between measurements in 1983 and 1976 of the distance from the ice surface to the top of each stake was calculated and multiplied by an assumed ice density of 0.9 Mg m-s. To this value, the difference in water equivalent of the snow and fim above the ice surface for the 2 years was subtracted (using calculated water equivalents in 1976 and estimated values in 1983). For the missing stakes, the amount of ice ablation was assumed to be only equivalent to the original depth of stake insertion into the ice. Weighting the resultant values at each stake to sub-areas of the ice cap (using Theissen polygons) gave a mean value of -488 kg m-2 • Clearly, this is a minimum estimate since the stakes which survived were all at higher elevation (> 1 090 m). It also appeared that marginal recession of the ice cap had occurred since the 1959 aerial photographic survey. Interestingly, stake B, at the summit of the ice cap, tWinter balance calculated from stake network and associated snow-pit density measurements areally weighted by snow-depth distribution; summer balance calculated from mean ot' measurements at stakes. Net balance 1972-82 and 1976-83 are averages of measuremenlS at stake line.
showed very little mass loss over the 1976-83 interval (-10 kg m-2 ), suggesting that the equilibrium line in the area has averaged around 1150 m during this period.
Detailed snow-depth and density measurements on the larger St. Patrick Bay ice cap in early June 1982 indicated a winter balance of 159 kg m-2 • In 1983, the figure was 118 kg m-2 . This compares with an estimate of 140 kg m-2 for 1971-72 (Hattersley-Smith and Serson, 1973) though no snow-density measurements were made at that time and the survey was limited to the stake line. Ablation-season conditions in 1982 and 1983 were markedly different, resulting in quite different mass-balance conditions for each year. In 1982, mass losses of the previous decade (or more) continued at the same rate, resulting in a net balance for 1981-82 of -144 kg m-2 • However, the summer of 1983 was much colder and snow was common throughout the normal ablation season. As a result, when the field party left at the end of July, there had been a net gain in mass on the ice cap of 137 kg m-2 for the 1982-83 year. Similarly, the smaller, south-western ice cap registered a net gain of 165 kg m-2 .
It is unlikely that subsequent conditions in August changed the situation significantly.
DISCUSSION
Although no long-term climatic data are available for the ice caps themselves, meteorological observations have been made at Alert, -70 km to the north, since 1950. These provide the best available index of long-term climatic variations in the region. Melting degree days (cumulative totals of daily above-freezing mean temperatures) are a useful index of total ablation-season warmth. Figure 5 shows annual and July totals of melting degree days (MDD) for the last 34 years. Three aspects of the record are worth noting: first, there is large inter-annual variability, particularly in the early part of the record. Secondly, there has been a statistically significant decline in MDD over the period of record, amounting to 22 MDD per decade, on average. Thirdly, it is clear that July MDD account for most of the summer "warmth", particularly in cold summers. The Alert record also enables the recent summers to be placed in a longer-time perspective. 1983 ranked in the lowest quartile of annual MDD, and the lowest decile of July MDD. This was obviously reflected in the positive mass-balance estimate for 1982-83. By contrast, 1982 had MDD totals closer to the average of the last 30 years. Judging by the MDD values for the period prior to the mid-1960s, and the fact that the ice caps have lost considerable mass during the 1970s, there seems little doubt that mass losses were considerably greater in the 1950s and early 1960s. 
Bradley and Serreze: High Arctic plateau ice caps
observations on northern Ellesmere Island and/or photographic evidence could be used in conjunction with Alert data to provide a general yearly index of ice-cap mass balance, Alert winter precipitation totals were plotted ag~inst the subse.quent summer MDD totals (Fig. 6) . Four POInts on the dIagram are well established; there was a Fig. 6 ), yet the lower MDD of 1983 resulted in a positive mass balance. It should be noted, however, that the Alert data can only be used as a general guide to regional climate as conditions along the northern coastal strip of Ellesmere Island may be quite different from the interior. For example, data from Alert suggest that 1958-59 should have been a very positive mass-balance year, but aerial photographs taken on 6 July (Fig. 3) clearly show the St. Patrick Bay ice caps devoid of snow with bare ice exposed. It is difficult to imagine how this situation arose, since (at least. at Alert) mean daily temperatures had only been above 0 C for 2 weeks prior to this photographic survey. Possibly, the plateau had received very little snowfall during the winter and/or had been swept clear by strong winds. Alternatively, the Alert data may not have been representative of a wider area in 1959' indeed, Hattersley-Smith and Serson (1970) , in their stud; of mass balance on the Ward Hunt Ice Shelf, noted that the ice shelf lost mass in 1959 and gained mass in 1964, when the Alert data suggest that the reverse would have been
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true. Year-to-year variations in wind ~trength. may be an important factor in mass balance by mfluencing the redistribution of winter snowfall (cf. Fisher and others, I ?83). Bearing in mind such problems, it nevertheless seems likely from the Alert data that the dominant tendency over the last 35 years has been towards mass losses, particularly during the 1950s. Interestingly, daily maximum tem~eratu:es at Alert during the 1950s commonly exceeded 15.5 C (with an absolute maximum of 20·C recorded in 1956). Since 1963, maxima have rarely even reached 15·C.
Are the St. Patrick Bay ice caps a "sensitive" indicator of climatic variation, as Hattersley-Smith and Serson (1973) suggested? They are certainly vulnerable to small shifts in mean summer conditions but, given the range of MDD at Alert experienced over the last three decades, the ice caps are by no means in equilibrium with contemporary climate. In spite of occasional small mass-balance gains, larger mass losses in other years preclude any overall ice-cap growth. They are remnants of a period when MDD totals exceeding 200 must have been quite rare and/or when snowfall was very much higher than in recent years. Overall, the ice caps today are wasting away and will eventually disappear if contemporary conditions are any guide to the climate of the next century or two. In the sense that they provide no long-term record of climate, they do not really provide any better indication of climatic variability than the Alert instrumental record. A more useful ·sensitive" indicator of regional climate, in the sense of providing a yard-stick by which to assess contemporary climatic variations, would be provided by a long continuous record from higher elevations such as the short ice core recovered from Gilman Glacier (Hattersley-Smith, 1963) Analysis of these and other regional glaciological and photographic observations has been attempted, to place the observations in a longer-term perspective.
From this analysis, it is clear that over the last 30 years the ice caps must have lost considerable mass and that they are not in equilibrium with the climate of recent decades. They are remnants of a period in the past when MDD totals at Alert were rarely >200 and/or when snowfall was heavier. If contemporary conditions persist, the ice caps will disappear within the next 100-200 years.
